Many wear failures are caused by a combination of fretting wear and sliding wear. In this study, the torsional fretting and torsional sliding wear properties of CuNiAl against 42CrMo4 were comparatively investigated under dry condition using a flat on flat contact tester. Experimental results showed that the sliding friction coefficients declined more dramatically than the fretting friction coefficients when the normal load increased. The fretting wear rate was lower than the sliding wear rate, which was partly due to the solid lubrication effect of the wear debris and strain hardening of the worn surfaces. The dominant wear mechanisms for the fretting tests were oxidation, cracks and delamination, while for the sliding tests were abrasion combined with plastic deformation.
Introduction
Torsional wear can be defined as wear under rotational motion of a pair under a normal load. It is widely occurred in the human hip joint, knee joint, slewing ring bearing used in engineering machine, center plate of a bogie, and other reciprocating rotation parts of conveyances [1] ; [2] . Depending on whether the motion amplitude is in micrometer or millimeter scale, it can be classified into torsional fretting wear and torsional sliding wear.
In many engineering applications, the wear failures are caused not just by torsional fretting or torsional sliding but by a combination of them. For example, Fig. 1 shows the crosssection of a controllable pitch propeller (CPP), in which the blade carrier, the blade foot together with the hub form a blade bearing. Godjevac et al. [3] ; [4] reveal that both torsional fretting and torsional sliding wear can happen on the inner radial part of the blade bearing. The fretting wear happens when the pitch is fixed, but due to the fluctuation of wake flow field and rotation of the CPP a maximum 500 μm fretting motion can happen within the clearances of the bearings. The sliding wear happens when the pitch is adjusted under the push of a hydraulic system. Similarly, in the artificial hip joints and the bogie in a railway carriage, etc., the wear failures are also caused by a combination of torsional fretting and torsional sliding wear [5] ; [6] ; [7] . Investigations on torsional fretting and torsional sliding have been reported by many researchers. Quan H et al. [8] evaluated the torsional fretting wear proprieties of three porous bio-coatings modified with anodic oxidation, acid-base treatment, and alkali-heat treatment. Zhang X et al. [9] proposed an efficient numerical model for predicting the torsional fretting wear, which considers the evolution of surface profile variables with the number of fretting cycles. Xu Z B et al. [10] studied the effects of torque and contact pressure on torsional fretting behavior of 316 L austenitic stainless steel in a cylinder-oncylinder contact configuration. Wang S et al. [11] ; [12] studied the torsional wear behavior of monomer cast nylon (MC nylon) composites reinforced with glass fiber with a self-made torsional friction tester. Chen K et al. [13] investigated the torsional friction contact state and the transformation mechanism of PVA/HA composite hydrogel against CoCrMo femoral head, besides, the effect of load as well as torsional angle on torsional friction behavior was also studied. However, the above literature review indicates that the torsional fretting and torsional sliding are generally investigated separately rather than comparatively. Besides, the studies are usually carried out under ball on flat contact and rather than under flat on flat contact. The torsional test contact configurations can be basically divided into ball on flat contact, ball on concave contact and flat on flat contact, as shown in Fig. 2 . The contact configuration has a great influence on the wear behavior, as the contact stress, contact stiffness, debris behavior are distinctly different under various contact configurations [14] . To better understand the wear mechanisms of the blade bearing, etc., it is necessary to study the torsional fretting and torsional sliding comparatively, and under flat on flat contact rather than commonly used ball on flat contact. In this study, the inner radial part of the blade bearing was taken as the research object. The torsional fretting and torsional sliding wear behaviors were comparatively investigated. The tests were carried under dry condition and with a flat on flat contact test rig. Friction behaviors and wear mechanisms were discussed in detail. This investigation can provide some valuable information to understand the wear mechanisms of the blade bearing, and deepen our insight into the torsional wear.
Experimental details

Materials
In the blade bearing, CuNiAl and 42CrMo4 are the common materials used for the hub and blade carrier respectively [3] ; [4] . In this study, CuNiAl was chosen as the material for the lower specimens, and 42CrMo4 was chosen as the material for the upper specimens. Chemical composition of the tested materials are listed in Table 1 ; Table 2 . Their physical and mechanical properties are shown in Table 3 . 
Torsional fretting and torsional sliding tests
The fretting and sliding tests were evaluated on a flat on flat contact torsional wear test rig, which has been described in detail in previous research papers [15] ; [16] . Basically, a closed-loop control step motor (resolution of rotational angle, 0.018°) was used to drive the relative movement between the upper and lower specimens. To ensure that the contact remains flat and the normal load is evenly distributed, the upper holder was designed to be self-aligned, similar with what B.D. Leonard did [17] . By varying the torsional angle of the step motor, both torsional fretting and torsional sliding tests could be carried out on it. A torque sensor (testing range: -2∼2Nm, measurement error: less than 0.01Nm) was used to measure the friction torque. Contact between the specimens was designed into a partial ring rather than a full ring, as shown in Fig. 3 . The purpose was to reduce the contact area and increase the wear depth so the wear volume could be measured more accurately. The angular displacement amplitudes for the fretting and sliding tests were set at 1.5° and 22.5°, respectively, and the corresponding linear displacement amplitudes were 261 μm and 3.925 mm. The number of cycles for per fretting test was set at 60000 and for per sliding test was set at 4000. The total relative angular displacement during each fretting and sliding test was the same of 360000°. The normal loads were selected according to the practical operating condition of the blade bearing and they were set at 43N, 86N and 106N [18] . Sliding speed has been proved to be influential in the sliding wear behavior [19] , but its influence on the torsional fretting is unclear. So in this paper, the influence of angular speeds on the torsional fretting and torsional sliding were also investigated. The fretting frequencies were selected within the setting range (1Hz-3Hz) of the test rig. Besides, the test duration and data size were also considered, as under the given number of cycles (60000) smaller fretting frequency means longer test duration and larger data to deal with. In this study, the fretting frequencies were set at 2Hz, 2.5Hz and 3Hz, and the corresponding angular speeds were 12°/s, 15°/s and 18°/s considering the angular displacement amplitude of 1.5°. The angular speeds for the torsional sliding tests were set the same of 12°/s, 15°/s and 18°/s.
Methods of analysis
During the tests, the variations of friction torque versus torsional angular displacement amplitude were recorded as a function of number of cycles (T-θ-N curves), from which much frictional information could be extracted. Macro wear trace morphologies and wear volumes were obtained by a 3D optical microscope (DSX 510). Micro and cross-sectional morphologies of the wear traces were observed by a field emission scanning electron microscope (FESEM, Helios G3 CX). The Vickers hardness (Hv) of the fretting and sliding wear traces were measured using a Vickers hardness instrument (THVS-1MDX-AXY, load: 200 g, dwell time: 10 s). The chemical compositions of the wear debris were determined by XRF (EAGLE ΙΙΙ).
3. Results and discussion
Friction analysis
In torsional fretting studies, the friction torque versus angular displacement amplitude curves (T-θ curves) are very important as firstly they can reflect the fretting running state, namely partial slip, mixed slip or gross slip. Secondly, by calculating the amplitude of each T-θ curve, which represents the friction torque of a fretting cycle, the friction torque for the whole fretting process can be depicted [15] . Fig. 4 shows the evolution of the typical T-θ curves as a function of number of cycles under different normal loads. It can be seen that all the T-θ curves appeared in the shape of quasiparallelogram, indicating that the tests were running under gross slip state. The gross slip generally resulted in large amounts of material removal and debris formation. From the amplitude of the T-θ curves it can be seen that in the fretting tests, the friction torque present increasing tendency with the increase of the normal loads; while in sliding tests, at the beginning of the tests, the higher normal load also lead to the higher friction torque, while after a few cycles, the friction torque at 106N turned to be higher than that at 86N. The reason behind this will be discussed later. At the initial stage, both the fretting and sliding friction torques were low due to the presence of a foreign material layer. This layer in general comprised of (i) moisture, (ii) oxide of metals, (iii) deposited lubricating material, etc. They separated the two material surfaces and there was little or no true metallic contact and also the oxide film had a low shear strength [19] . It can also be seen that the initial fretting friction torques were higher than the initial sliding friction torques, which was possibly affected by the real contact area. Before the wear process, the real contact area between the upper and lower specimens was small due to the initial surface roughness and surface shape error. However, the degradation of the initial surface was quicker under fretting condition due to the high frequency and small amplitude. Hence the real contact area and the value of the tangential force due to local plastic deformation were bigger [20] ; [21] , leading to the higher initial fretting friction torques.
During the ascending stage, the foreign material layer broke up and clean surfaces came into contact which increased the bonding force. Increase of surface temperature, viscous damping of the friction surface, increased adhesion due to micro-welding or deformation or hardening of the material might had some role on this increment of friction torque as well [19] .
After a certain duration of rubbing, many parameters such as the roughness reached a certain steady state value, so the friction torques also ran into a relatively steady state. At the steady stage, the fretting friction torques were slightly lower than the sliding friction torques at 43N, but with the increase of normal loads, the fretting friction torques gradually changed to be higher than the sliding friction torques.
The steady stage friction coefficients of the fretting and sliding tests can be expressed by Refs. [22] ; [23] :
where μ refers to the friction coefficient; T is the friction torque; r is the average contact radius and keeps a constant; P is the applied load.
The friction coefficients have been calculated and presented in Fig. 6 , which indicates that when the normal load increased, both the fretting and sliding friction coefficients decreased. The reason behind the phenomenon will be explained in the following. The contact radius r keeps a constant during the test, so when the normal load increased, the variation of μ was decided by the increase level of T and P, as shown in Eq. (1). According to the previous studies [24] ; [25] , under higher normal load, the rubbing surfaces had a higher temperature, which promoted the formation of oxide scales such as CuO or Al2O3 on the specimen surface. The brittle and fragile oxide scales could contribute to reduce the friction, leading to lower increasing level of the friction torque T than that of the normal load P, which can be seen in Fig. 5 . Take Fig. 5 (a) and (b) as an example, from P = 43N-86N, the applied normal load increased 2 times, but the steady friction torques increased less than 2 times, so when the normal load increased, the friction torques increased less times than the normal load, thus the friction coefficient decreased when the normal load increased. It can also be observed from Fig. 6 that at 43N the fretting friction coefficients were about 10% lower than the sliding values, but when the normal load increased to 106N the fretting coefficients turned to be about 30% higher than the sliding values. This was mainly due to the different influence of normal load on the fretting and sliding friction coefficients. As can be seen from Fig. 6 that from 43N to 106N, the fretting friction coefficients decreased about 10%, while the sliding friction coefficients decreased about 36%. So we can know from the phenomenon that, compared with the fretting friction coefficient, the sliding friction coefficients was more sensitive to the increase of normal load.
With respect to the influence of angular speed, it can be seen from Fig. 6 that the increase of sliding speed lead to the decrease of sliding friction coefficients, while it had no regular effect on the fretting friction coefficient. The phenomenon is in consistence with the previous findings. Under sliding condition, when velocity increases, momentum transfer in the normal direction increases producing an upward force on the upper surface. This results in an increased separation between the two surfaces which will decrease the real area of contact. Contributing to the increased separation is the fact that at higher speeds, the time during which opposite asperities compress each other is reduced increasing the level on which the top surfaces move [19] ; [26] . Besides, high sliding speeds can result in high interface (flash) temperatures that can significantly reduce the strength of most materials [27] . Under fretting condition, the increase in speed is in fact the influence of frequency under the fixed angular amplitude. The effect of frequency on the fretting friction coefficient is complicated. Zhang et al. [28] indicates that under dry condition, the friction coefficient of nanocrystalline surface layer of copper increase with an increasing frequency; while under oil lubrication it firstly increase with an increasing fretting frequency until a maximum value and thereafter descends [29] ; Huang et al. [30] found that no detective effect of frequency on the coefficient of friction occurred during the reciprocating fretting tests; Ding et al. [31] observed that the friction coefficient of micro-arc oxidation (MAO) coating of Al2O3 decreases with an increase of the frequency.
Wear rate
Under fretting tests, the energy dissipated by friction is now widely used to characterize the material response, and usually a linear relationship between accumulated dissipated energy and wear volume can be observed:
where V is the wear volume, Ed is the accumulated dissipated energy, α is the energetic wear coefficient, and β is the energy used to activate Tribologically Transformed Structure (TTS) and create wear debris during the first phase of test [32] .
So the energetic wear coefficient (α) can be calculated:
Not only in fretting tests, the energetic approach has also been proved to be effective in evaluating the wear rate of sliding tests [33] ; [34] . So in this study, to facilitate the comparison, both the fretting and sliding wear rates were characterized by the energetic wear coefficient.
The wear volumes were firstly acquired. According to the Archards' model, there is a negative correlation between wear rate and hardness of the material [35] . As the upper specimen (42CrMo4, HB: 220) was harder than the lower specimen (CuNiAl, HB: 127), so after the tests, mainly the wear of the lower specimen was considered. Before acquiring the wear volume, the worn specimens were firstly ultrasonically cleaned in dilute sulfuric acid and ethyl alcohol to remove the wear debris. Then 3D morphologies of the worn scars were obtained with a 3D optical microscope. Finally the wear volumes were obtained by calculating the valley volume below the reference plane [36] .
The dissipated energy of each individual fretting cycle (Efi) can be calculated by integrating the surface area of the T-θ curve, as shown in Fig. 7 ; accumulated dissipated energy (Edf) can be estimated by adding energy dissipated in all cycles. The accumulated dissipated energy of a fretting test can be mathematically defined as [37] :
(4) Fig. 7 . Friction torque versus angular displacement amplitude curve (T-θ curve).
The dissipated energy of each individual sliding cycle (Esi) and the accumulated dissipated energy of a sliding test (Eds) can be calculated in the similar method, and Eds can be defined as: (5) The measured wear volumes and calculated accumulated dissipated energy are presented in Table 4 and Table 5 , respectively. The average values under the same normal load but different angular speeds are also presented in the tables. Table 4 indicates that under the same angular speeds, the wear volume increased with the increase of normal load, which was due to the fact as the normal load increases, the frictional heat generates at the contact surface increases and hence strength of materials decreases [19] ; [38] . The influence of angular speed on the wear volume was complicated. When the angular speed increased, the wear volume presented increasing or decreasing or first increasing and then decreasing tendency at different normal load.
From Table 5 it can be seen that under the same angular speed, the accumulated dissipated energy increased with the increase of normal load. Under fretting condition, increase of angular speeds lead to the first increasing and then decreasing tendency of the accumulated dissipated energy. While under sliding tests, the angular speed presented no regular influence on the accumulated dissipated energy.
In Fig. 8 , the averaged wear volumes versus the averaged accumulated dissipated energy under different normal loads of the fretting and sliding tests have been plotted. It can be observed that in fretting tests, the wear volumes increased almost linearly with the increase of accumulated dissipated energy. So for the fretting tests, the energetic wear coefficient was: Comparatively, in the sliding tests, the test data scatter a litter far from the fitting straight line, in other words, the liner relationship between the wear volume and the accumulated dissipated energy was not that good. But the slope of the fitting line can still have a general reflection of the energetic wear coefficient, which was:
So it can be seen that the sliding wear rate was times higher than the fretting wear rate. The main reasons for this were the difference in strain hardening of the wear track and debris lubrication effect under the fretting and sliding tests, which will be discussed in the next section.
Wear scar observation
Typical optical and the corresponding 3D morphologies of the wear traces are shown in Fig.  9 . It can be seen that the fretting wear trace presents black color ( Fig. 9(a) ), indicating that serious oxidation wear occurred. Under dry fretting condition, much frictional heat was generated. The worn surface was burned by the high temperature and then oxidized by reacting with the oxygen from the air. The sliding wear trace is mainly characterized by serious plow wear evidenced by a lot of grooves paralleling the sliding direction ( Fig. 9(b) ). From the 3D morphologies in Fig. 9 (c) and (d) it can be seen that the surface roughness and isotropy of the fretting wear trace are higher than the sliding wear trace. From the 3D and 2D cross-sectional fretting and sliding profiles in Fig. 10 it can also be seen that the fretting wear trace is rougher than the sliding wear trace, which is possibly one of the reasons why the fretting coefficient is higher than the sliding friction coefficient at 106N. The 2D crosssectional profile presents that the fretting wear depth is shallower than the sliding wear trace, which is in accordance with the results that the wear volumes of the sliding tests are much higher than that of the fretting tests. Typical SEM morphologies of the fretting and sliding wear traces are shown in Fig. 11 and Fig.  12 , respectively. Under fretting condition, the wear process can lead to material removal (wear), nucleation and propagation of cracks (fatigue), and there is a competition between them [39] . From Fig. 11 it can be seen that the flake pits and cracks are observed on the fretting worn surfaces. The large flake pits are formed by the crack propagating during the relative movement. As plastic deformation accumulates, cracks are preferentially nucleated below the surface, but not at the surface, because a highly compressive stress exists just below the contact region. Once cracks are formed, further deformation will cause the cracks to extend and propagate parallel to the surface at a depth, and then connect to neighboring ones. Finally, the cracks shear to the surface, resulting in the delamination of large flake pits. Under sliding condition, as seen in Fig. 12 , the worn surface is mainly characterized by numerous wide and deep grooves paralleled to the sliding direction, accompanied by serious plastic deformation. Besides, almost no cracks can be observed on the worn surfaces, indicating that the fatigue velocity was much lower than the wear velocity under the sliding condition. 13 (a) shows a thick compacted debris bed and a thin flake-like sheet formed on the fretting specimen. Comparatively, the wear debris layer is much thinner and almost no cracks can be observed on the sliding morphology ( Fig. 13(b) ). The surface hardness of the region around the wear track has also been measured. Fig. 14 presents the micro hardness of the areas inside and outside of the fretting and sliding wear tracks. It can be seen that the wear track hardness is higher than that of the unworn surface, which may be attributed to the strain hardening of the material during the wear process. Strain hardening of the worn surface may improve the wear resistance of the material, in terms of the adhesive theory given by Archard [40] . It is generally accepted that the wear loss is approximately inversely proportional to the hardness of the target material. It can also be seen that the hardness of the fretting wear track is much higher than the sliding wear track, indicating that the strain hardening of wear track was more serious under fretting than under sliding condition. Which is partly the reason why the fretting wear volume was smaller than the sliding wear volume. 
Wear debris analysis
Wear debris of the fretting and sliding tests were collected and examined by the 3D optical microscope, as shown in Fig. 15 . In fretting tests ( Fig. 15(a) ), the flake debris broke off and then grounded and crushed into fine particles. But due to the small amplitude, some of them were stuck in the contact interfaces and did not oxidize adequately, so they present the color of dark green. In sliding tests ( Fig. 15(b) ), some of the substrate material peeled off by the abrasion directly, so besides fine particles, the debris also contains large flakes, chips. But due to the large relative movement amplitude, the fine debris could contact with the air and oxidize adequately. So the fine debris presents the dark color. The large flakes, chips presented the brown color of CuNiAl by naked eye, but it could not be identified by the microscope due to reflection (Fig. 15(b) ). In fretting tests, a thick debris bed was formed in the contact interface by the stuck fine particles. The appearance of debris bed may lead to the following factors: 1) It could attribute to the decrease of the real contact area by the participation of load-carrying; 2) Though the stuck fine debris could also cause abrasive wear, but it play a better role as solid lubricant to decrease the wear effectively [41] . While in sliding tests, the wear debris which contains large flakes, chips mainly played the role as abrasion to aggravate the abrasive wear. This is part of the reason why the fretting wear rate was much lower than the sliding wear rate.
The chemical composition of the wear debris was analyzed by XRF and is given in Fig. 16 . It can be seen that compared with the base material of CuNiAl (Table 1) , there was an obvious increase of Al and a decrease of Cu in the fretting debris, which can be explained that the Al element was easier to be oxidized than Cu, and the oxide Al2O3 was more brittle than CuO and easier to be fall off the base material and into the debris. Cu and Al were the main element components of the debris, so the increase of Al element also lead to the decrease of Cu element. Besides, compared with the CuNiAl, there was an increase of Cr and Mo in the fretting wear debris, indicating that a transfer of elements from the upper specimen to the lower specimen occurred. The element contents of the sliding wear debris were close to the base material of CuNiAl, which was because in the sliding tests, the wear rate was high, most of the wear debris was the material which directly removed from the substrate. 
Conclusion
Torsional fretting and torsional sliding wear behavior of CuNiAl against 42CrMo4 were comparatively investigated under dry condition with a flat on flat torsional tester. The following conclusions can be drawn from the present investigation:
(1)When the normal load increased, the fretting friction coefficient decreased slightly but the sliding friction coefficient decreased dramatically. Besides, the increase of normal load also lead to an obvious increase of wear volumes and accumulated dissipated energy. However no regular effects of angular speed on them were observed.
(2)In fretting tests, strain hardening of the wear trace track was more severe, besides, some debris were stuck in the contact interface and worked as solid lubricant, so the fretting wear rate was much lower than the sliding wear rate.
(3)The dominant wear mechanisms for the fretting tests were oxidation wear, cracks and delamination, while for the sliding tests were abrasive wear and plastic deformation.
